INTRODUCTION
============

The deterioration of food by fungi results in economical losses ranging from 5 to 20% of the production in developed countries and can be as high as 50% in regions with a tropical climate ([@b7],[@b10],[@b23]). It is estimated that up to half of all fruits harvested is lost due to fungal and pests decay worldwide ([@b3]). Considerable effort has been done to diminish those losses and the storage time of fruits has increased since the 1960's mainly due to new technologies for temperature and humidity control, as well as the use of fungicides ([@b22]).

The use of fungicides has been efficient in decreasing losses due to deterioration of food, but also generates health and environmental concerns mainly due to the carcinogenic and/or teratogenic properties of the compounds, and by their cumulative toxic effects ([@b10],[@b19]). About US\$30 billion are spent yearly worldwide in pesticides and recent data show that there are approximately 25 million occupational pesticide poisonings each year among agricultural workers in developing countries ([@b8],[@b25]).

In tropical developing countries the loss due to post harvest diseases represents a major economical burden and fungal decay is one of the major factors contributing to loss in stored fruits. It is of uppermost importance to develop new strategies for post harvest disease control, especially due to the increasing restrictions on the use of pesticides by the regulatory agencies and consumer affairs institutions. Biological control is becoming an important alternative in the fight against postharvest disease of fruits and as a result, there is an urgent need for further research in order to develop new and more efficient strategies for biocontrol ([@b21]).

Among the microorganisms that can have shown potential as biocontrol agents, yeasts show great potential due to their high colonization rate and ability to survive on the fruit surface for prolonged periods under different environmental conditions ([@b4],[@b5]). Different yeast species are being utilized as biocontrol agents; for example, *Candida oleophila* Montrocher and *Pichia membranifaciens* Hansen against *Botrytis cinerea* Pers. Fr. to help prevent postharvest decay in apples ([@b12]); *Cryptococcus albidus* Saito and *Pichia anomala* (Hansen) Kurtzman against *Sclerotinia sclerotiorum* (Lib.) de Bary in bean ([@b19]); *Debaryomyces hansenii* (Zopf) Lodder and Kreger-Van Rij against *P. digitatum* (Pers.: Fr.) Sacc in decaying grapefruit; *Pichia guillermondii* Wicherham against *Botrytis*, *Rhizopus*, *Penicillium* and *Alternaria* species in decaying tomato; *Cr. laurentii* Kufferath and *Cr. flavus* Saito in the control of Mucor in pears; and *Candida sake* (Saito and Ota) against *B. cinerea* and *Rhizopus nigricans* Ehrenberg, the major contributors of postharvest disease in apples ([@b24]).

The goal of this work is to describe the ability of *Saccharomycopsis schoenii* Nadson and Krassiln to serve as biocontrol agent against orange decay on stored fruit. The predacious yeast *S. schoenii* was tested for its ability to control phytopathogenic fungi of the genus *Penicillium*, to persist as viable cells on the surface of oranges without causing pathogenesis, as well as for the production of antagonistic substances. The fungal pathogens were also tested for their virulence to the orange fruit and susceptibility to yeast predation. Yeasts of the genus *Saccharomycopsis* are known for their ability to predate other fungi ([@b14],[@b15]) but to our knowledge, this report is the first attempt to use these yeasts as biocontrol agents.

MATERIAL AND METHODS
====================

Microorganisms
--------------

*Penicillium expansum* Link UFMG 01-2002 was isolated in our laboratory from a decaying orange and characterized by Its D1/D2 domain sequence from the small subunit of ribosomal DNA ([@b13]). *Penicillium italicum* Wehmer LCP 61.1199 also isolated from orange, *P. digitatum* LCP 68175 and *P. digitatum* LCP 984263 isolated from lemon and *P. digitatum* LCP 4354 from an unknown source were gracious gifts from the Museum National d'Histoire Naturelle, Laboratoire de Cryptogamie, Paris, (LCP). The antagonistic yeast *S. schoenii* UWO - PS 80-91, a predacious species isolated from tree exudates was obtained from Prof. M. A. Lachance, Department of Biology, University of Western Ontario, Canada.

Fruits
------

The ripe oranges (*Citrus sinensis* (L.) Osbeck variety Pêra Rio) (approximately 20 cm perimeter) were acquired from a local commercial orchard, and selected for lack of lesions or injuries. The fruits were superficially disinfected by immersion in 1.0% sodium hypochlorite for 3 min, rinsed with sterile water and dried in a sterile chamber. When dry, a wound was made around the entire equatorial region of each orange with a special blade. The wound was approximately 3 mm wide and 1 mm deep. The pathogen and/or the antagonistic yeast were inoculated in these wounds.

Preparation of pathogen and biocontrol agent
--------------------------------------------

The pathogen was prepared from approximately 10 day-old cultures grown on potato dextrose agar - PDA (Difco, USA). Five ml of the suspension containing 10^4^ conidia/ml were prepared in GY broth (glucose 1% and yeast extract 0.01%) supplemented with 500 μl of Tween 20.

The biocontrol agent was prepared from 24 h old cultures on yeast extract-malt extract agar YM (2% glucose, 0.5% peptone, 0.3% malt extract, 0.3% yeast extract, and 2% agar) and the final concentration of the suspension adjusted with haemocytometer to 10^8^ cells/ml in GY broth.

Fruit inoculation
-----------------

Aliquots of 200 μl of each pathogen suspension were deposited with a sterile pipette on the orange wound immediately after wounding and allowed to dry in aseptic conditions. After pathogen inoculation, 200 μl of a suspension of the putative biocontrol agent was also deposited on the wound. The inoculated fruits were incubated on a 100% humidity chamber at 25°C, to simulate the best conditions for the growth of the pathogens, for 4 to 14 days depending on pathogen virulence. Oranges inoculated with *P. digitatum* were evaluated 4 days after treatment whereas *P. expansum* and *P. italicum* infected oranges were scored 12 and 14 days, respectively, after inoculation. Four fruits arranged in a randomized block design were used per treatment. All treatments were replicated three times.

To test the ability of *Saccharomycopsis schoenii* to control *Penicillium* species in oranges, inoculation of each pathogen alone served as a positive control whereas a primary negative control was performed by inoculation of GY without yeast or pathogenic fungus, and a secondary negative control consisted of inoculating yeast alone.

Assessment of lesion
--------------------

The percentage of disease severity reduction (DSR%) was calculated by the equation: DSR (%) = \[(DSc - DSt)/DSc\] X 100, Where DSc = average area with lesions on the positive control and DSt = area with lesions on the treated plants ([@b2]). Only the mechanically wounded region of the orange was used for the assessment of disease reduction.

Recovery of antagonistic yeast
------------------------------

To assess the ability of *S. schoenii* to survive on the orange surface, fruits wounded as described above were treated with 200μl of a 2x10^8^ cells/ml suspension of *S. schoenii* and the persistence of the yeast was determined immediately after application, as well as on fruits stored for 4, 7, 14 and 21 days at 25°C in a 100% humidity chamber. To recover the yeast from fruits, portions of wounds of treated oranges were removed with a 0.5 cm^2^ diameter cork borer, transferred to tubes containing sterile water, and sequentially diluted to 10^-2^ and 10^-4^. A 100 μl aliquot of the resulting solutions were plated in triplicate on YM agar with 200 mg/l of chloramphenicol, incubated at 25°C for at least 24 h, and the number of resulting colonies determined.

Production of inhibitory substances
-----------------------------------

To test the mechanisms for decay control, an assay to determine the chemical antagonism between *S. schoenii* and the saprophytic mould strains was performed. The moulds *P. digitatum*, *P. expansum* and *P. italicum* were grown on PDA for 7 days, diluted in sterile water and spread with a sterile swab on the surface of Yeast Extract - Malt Extract - Methylene Blue Agar (YM - MB Agar) buffered with a 0.5 mol citrate buffer to pH 4.2 ([@b26]). The yeast tested for mycocinogenic activity was grown on YM for 24 h and inoculated on YM-MB agar plates seeded with the mould strain after 2 hours. Plates were incubated at 22°C for 5 days ([@b1]). Concomitantly, filtrates of 24 h old yeast liquid cultures were deposited over PDA plates seeded with molds. The effect of the filtrate on the growth of moulds was observed after 5 days. The yeast *Saccharomyces cerevisiae* Hansen strain NCYC 1006, normally regarded as being sensitive to killer factors, was used as a control in both preparations.

Predation
---------

In order to observe the events of adhesion and predation, the filamentous fungus *P. digitatum* LCP 68175 was grown on the top of 0.6 mm diameter discs of GY agar and incubated upside down on glass slides for 3 to 4 days at 25°C in a humid chamber. Next, a 50 μl aliquot of a 10^2^ cell/ml suspension of *S. schoenii* in GY broth was deposited on the top of the growing mycelium and incubated for 3 to 24 h. Periodic observations of the predation events were made and when necessary, a digital image of the event was recorded on a DP-12 Olympus Digital Camera (Olympus Man., Japan).

Statistical analysis
--------------------

The experiments of disease severity reduction had been analyzed by the non-parametric test of Mann-whitney with 5% confidence.

RESULTS
=======

Potential for biocontrol
------------------------

The yeast *S. schoenii* was capable of reducing the severity and diminished incidence of decay on mature oranges in all tests. *P. digitatum* LCP 4354 was the most virulent strain since the positive control resulted in almost 100% degradation of the fruits after 4 days of incubation (data not shown). [Fig. 1](#fig1){ref-type="fig"} show the percentage of disease severity reduction (DSR) caused by pathogens in the presence of the antagonist yeast. The highest pathogen control values were observed for the interaction between *S. schoenii* vs. *P. digitatum* LCP 68175, with an 86.8% reduction of disease severity when compared to the positive control. The yeast reduced the disease severity against *P. expansum* by 61.0%. The DSR observed for *P. italicum* was 35.7%, and the results obtained for *P. digitatum* LCP 4354 and *P. digitatum* LCP 984263 were 38.2 and 34.6%, respectively.

![Percentage of disease severity reduction (% DSR) on oranges artificially infected with 10^4^ spores of *Penicillium digitatum*, *P expansum* and *P. italicum* after treatment with 10^8^ cells of *Saccharomycopsis schoenii*.\
\* = significant with 5% confidence.\
NS = non-significant.](bjm-39-85-g001){#fig1}

Population dynamics of *Saccharomycopsis schoenii* on oranges
-------------------------------------------------------------

*S. schoenii* was re-isolated from treated oranges up to 3 weeks after inoculation ([Fig. 2](#fig2){ref-type="fig"}). The yeast exhibits a typical growth curve, where the lag phase can be observed from 0 to 4 days of inoculation, followed by a log phase up until day 7. The stationary phase can be observed until day 15 when the decline begins.

![Number of colonies of *Saccharomycopsis schoenii* recovered from 0.5 cm^2^ orange surface after inoculation with 10^8^ cells and incubation for 0 to 21 days at 25°C in a 12/12 h photoperiod. The bars represent the standard deviation of the mean (n = 3).](bjm-39-85-g002){#fig2}

Observation of predation in vitro
---------------------------------

Predation events were observed after 3 h of predator and prey co-incubation. Hyphae and spores were preyed upon by the yeast ([Fig. 3](#fig3){ref-type="fig"}). The event usually began by the adhesion of the predator cell to the surface of the prey's hyphae or spore ([Fig. 3a](#fig3){ref-type="fig"}). No noticeable changes in the prey cells were observed at this early stage. After adhesion, an external peg was formed from the *S. schoenii* cells extending into the cytoplasm of the hyphae or spore of *P. digitatum*. The peg rapidly grew and became a round structure that was defined as an haustorium ([Fig. 3b](#fig3){ref-type="fig"}). Some free *S. schoenii* cells had a structure similar to the external peg ([Fig. 3c](#fig3){ref-type="fig"}). After 24 h of incubation, clusters of *S. schoenii* cells around *P. digitatum* hyphae were usually observed ([Fig. 4](#fig4){ref-type="fig"}), the number and size of which increased over time. When the preparations were washed with sterile saline solution (NaCl 0.85%) and re-mounted on GY medium, the clusters remained present but the number of free *S. schoenii* cells decreased on the preparation. Further observations (4 h later) of rinsed preparations showed the presence of even bigger clusters, suggesting that the clusters are the result of *S. schoenii* cells growth and not from the addition of free cells to adhered clusters.

![Phase contrast photomicrography of *Saccharomycopsis schoenii* predation on *Penicillium digitatum* LCP 68.175. (a) *S. schoenii* cell (arrow) adhered to *P. digitatum* hypha 3 h after co-incubation. (b) Haustorium (arrow) of *S. schoenii* in the interior of germinated spore of *P. digitatum* 12 h after co-incubation. (c) Infection peg (arrow) of *S. schoenii* (Bar = 10 μm).](bjm-39-85-g003){#fig3}

![Phase contrast photomicrography of 24 h co-incubated *Saccharomycopsis schoenii* and *Penicillium digitatum* cells. Note the yeast cell cluster attached to the hypha of *P. digitatum*. (Bar = 10 μm).](bjm-39-85-g004){#fig4}

DISCUSSION
==========

The *S. schoenii* strain exhibited the ability to reduce disease severity caused by all the moulds tested in our study. The variation in the percentage of reduction in the lesions produced by the different mould strains is probably due to natural differences in pathogen susceptibility to the yeast, pathogen virulence or both of these factors. Lesions were also observed in oranges that were not inoculated with either the pathogen or the yeast and most likely a result of naturally occurring pathogens. No effort was made to identify those naturally occurring pathogens, but filamentous fungi re-isolated from artificially infected fruits were always similar to the pathogen strains used in the experiment. The disease incidence in non-artificially infected oranges was quite variable but after treatment with *S. schoenii*, disease severity diminished in both artificially infected and naturally infected fruits (data not shown). *S. schoenii* does not produce symptoms of decay, necrosis or chlorosis on oranges. This is a desirable characteristic in a biocontrol agent, but a feature not frequently observed, some times forcing the use of weak pathogens to control more aggressive ones that could lead to the development of symptoms in the host ([@b6],[@b16],[@b20]). Another desirable characteristic of a biocontrol agent is the ability to remain on fruit surfaces for prolonged periods of time. The antagonist *S. schoenii* strain was present at high concentrations on orange surfaces for at least 3 weeks. This period may be sufficient for the biological control of post harvest disease of oranges.

The yeast cell concentration necessary to achieve disease control was high, as previously demonstrated for other yeasts used in biological control studies ([@b9],[@b17],[@b27]). *S. schoenii* produced efficient control of molds only when inoculated at concentrations of at least 10^8^ cells/ml.

The use of predacious yeasts as biocontrol agents for microbial diseases is a novel approach and may circumvent the difficulties of attempting to control pathogens capable of producing antagonistic substances. The lack of chemical antagonistic effect is interesting because it precludes the contamination of fruits with toxic, allergenic and antibiotic substances. In our study, predation of both hypha and conidia were documented in vitro, and the *S. schoenii* strain had the ability to control disease inflicted by all moulds tested. Lachance and Pang ([@b14]) have observed conidia penetration by *Candida* sp. 95-697.4 (an anamorph of a not yet described *Saccharomycopsis* species) in *P. chrysogenum* Thom. *S. schoenii* needs organic source of sulfur ([@b15]). Probably the predation of fungi is the preferential way by which *S. schoenii* obtains sulfured compounds which are scarce on the surface of oranges. The interaction of more than one antagonistic event such as predation, competition and other antagonistic interactions is often reported ([@b10],[@b27]). As a result, it is possible that the action of *S. schoenii* arises from more than one of these interactions although it is noteworthy that the production of antagonistic substances was not detected in our study.

Oranges and other citrus fruits are washed before commercialization and the inoculation of an antagonist yeast at this step would be possible, preferentially together with substances that promote the growth of antagonists ([@b11],[@b17],[@b18],[@b19]). The storage time of the fruit could be increased by the treatment and securely the economical losses due to decay would diminish. Although further studies are necessary to establish the most efficient means for the application of yeast in commercial facilities, we believe the use of predacious *S. schoenii* represents one promising strategy for postharvest disease control.
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RESUMO
======

Controle biológico de *Penicillium italicum, P. digitatum* e *P. expansum* com a levedura predadora *Saccharomycopsis schoenii* em laranjas
-------------------------------------------------------------------------------------------------------------------------------------------

Este estudo avaliou a capacidade de levedura *Saccharomycopsis schoenii* Nadson & Krassiln (UWO-PS 80-91) em controlar o crescimento dos fungos fitopatogênicos *Penicillium expansum* Link (UFMG 01-2002), *P. italicum* Wehmer (LCP 61.1199), *e P. digitatum* (Pers.: Fr.) (LCP 984263, LCP 68175 e LCP 4354). *S. schoenii* reduziu a severidade da doença em laranjas inoculadas com todos os fitopatógenos testados. Entre estes fitopatógenos, *P. digitatum* LCP4354 apresentou a maior virulência enquanto que *P. digitatum* LCP 68175 foi o mais suscetível à predação. A levedura foi capaz de permanecer viável, sem produzir lesões na superfície dos frutos por 21 dias. Outra característica desejável observada foi a ausência de produção de substâncias antagonistas. Sendo assim, este trabalho evidência o potencial de utilização da levedura *S*. *schoenii* em protocolos de controle biológico de doenças pós-colheita em laranjas.
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